INTRODUCTION
The Nudix hydrolases constitute a family of metal-requiring phosphoanhydrases that catalyze the hydrolytic breakdown of Nucleoside diphosphates linked to some other moiety such as a phosphate, sugar, or nucleoside (Bessman et al. 1996) . They are characterized by the following conserved array of 23 amino acids, GX 5 EX 7 REUXEEXGU, where U represents a bulky, hydrophobic amino acid (usually Ile, Leu, or Val) . Nudix hydrolases are widely distributed among organisms ranging from viruses to mammals and have been suggested to act as "housecleaning" enzymes that prevent accumulation of reactive nucleoside diphosphate derivatives, cell signalling molecules or metabolic intermediates by diverting them to metabolic pathways in response to biochemical and physiological needs (Bessman et al. 1996, Jambunhathan and Mahalingam 2005) . Compared to mammalian cells and bacteria, little is known about the functions of Nudix hydrolases in plants.
During the course of our investigations on bacterial glycogen metabolism we identified a bacterial Nudix hydrolase, designated as adenosine diphosphate sugar pyrophosphatase (ASPP), that cleaves ADP-sugars such as ADP-ribose, ADP-mannose and the precursor molecule for glycogen biosynthesis, the ADP-glucose (MorenoBruna et al. 2001) . Changes on ASPP activity were accompanied by changes in bacterial glycogen accumulation, strongly indicating that ASPP controls intracellular levels of ADP-glucose linked to the glycogen biosynthetic process in Escherichia coli. Rodríguez-López et al. (2000) reported the occurrence in plants of a widely distributed ADP-glucose hydrolytic activity whose pattern showed inverse correlation with respect to starch accumulation. This activity is catalysed by protein entities displaying different properties and subcellular localizations (Rodríguez-López et al. 2000 , Baroja-Fernández et al. 2000 . As a first step to test whether a part of this activity is catalysed by a Nudix hydrolase, we have identified, cloned and expressed in E. coli sequences of plant genomes that code for proteins sharing homology with ASPPs occurring in both prokaryotic and mammalian cells. In addition, we have produced and characterized ASPP-overexpressing transgenic plants. We discuss the possible involvement of plant ASPPs in controlling the intracellular levels of ADP-glucose linked to starch biosynthesis and in connecting starch metabolism with other metabolic pathways in response to biochemical needs.
RESULTS AND DISCUSSION

Identification of putative ASPP encoding Nudix genes from Arabidopsis
Searches in the InterPro database (http://www.ebi.ac.uk/interpro) revealed the existence of at least 31 different sequences that code for Nudix hydrolases in the Arabidopsis genome. As shown in Supplemental Table 1 , most of these sequences code for proteins of still unknown functions. To identify which sequence(s) code for proteins with ASPP activity, we compared them with ASPP encoding Nudix genes from bacterial and mammalian species (Dunn et al. 1999 , Gasmi et al. 1999 , Yang et al. 2000 , Moreno-Bruna et al. 2001 ). This analysis allowed us to identify four sequences (At2g42070, At4g11980, At1g68760 and At5g20070) sharing significant homology respectively, which roughly correspond to the molecular mass predicted from their amino acid sequences.
Recombinant proteins encoded by At4g11980, At1g68760 and At5g20070 were tested for their hydrolytic activity against ADP-glucose in the presence of 5 mM Mg 2+ .
These analyses revealed that only the At4g11980 product, also designated as AtNUDT14 (Ogawa et al. 2005) , was capable of hydrolyzing ADP-glucose.
Substrate specificity of the recombinant protein encoded by At4g11980
Substrate specificity of the purified At4g11980 encoding recombinant protein was tested using a wide range of compounds at a concentration of 2 mM. The protein, designated as AtASPP, recognized ADP-sugars such as ADP-glucose, ADP-mannose and ADP-ribose, and poorly hydrolysed other nucleotide-sugars such as UDP-glucose, CDP-glucose, GDP-glucose and UDP-galactose (Table 1) . AtASPP does not recognize PPi, synthetic phosphodiester-bond-containing compounds such as bis-p-nitrophenyl phosphate, diadenosine polyphosphates, CoA or phosphomonoester-bond-containing compounds such as p-nitrophenyl phosphate, sugar-phosphates and nucleotide mono-, di-and triphosphates.
Properties of AtASPP
The catalytic properties of AtASPP were studied on ADP-glucose, ADP-ribose and ADP-mannose. ADP-ribose and ADP-mannose concentration curves followed a typical Michaelis-Menten pattern (not shown) whereas, similar to other enzymes displaying atypical kinetic behavior (Yu et al. 1988) , ADP-glucose kinetics displayed a nonsaturable pattern (Supplemental Fig. 2 (Gasmi et al. 1999 , Yang et al. 2000 , Moreno-Bruna et al. 2001 ) that are required for substrate recognition and catalytic activity (Gabelli et al. 2001) .
ASPPs are widely distributed in mono-and di-cotyledonous plants
Computer searches of data banks showed that AtASPP shares high sequence similarity with Q9SNS9 and POADP80, two "hypothetical" proteins from rice and potato, respectively (Supplemental Fig. 3 Supplemental Fig. 2 ). The overall information thus indicates that Nudix hydrolases with ASPP activity are widely distributed in both mono-and dicotyledonous species.
Structural divergences of the Nudix signature sequence of plant ASPPs
Nudix hydrolases comprise a large family of proteins that are defined by the GX 5 EX 7 REUXEEXGU motif, where U is usually Ile, Leu or Val. Although this highly conserved Nudix motif has been shown to be essential for the metal binding and pyrophosphatase activity (Gabelli et al. 2001) , there are numerous examples of nonconsensus motifs among the Nudix hydrolases, including extra amino acids and missing Glu or Gly residues (O´Handley et al. 1998 , Yagi et al. 2003 . As presented in Fig. 2 , AtASPP, StASPP and rice Q9SNS9 contain important modifications in the Nudix motif, including an extra amino acid, and the substitution of the conserved Glu at position 7 by Lys or Gln. These differences are not responsible for the specific recognition of ADP-sugars, since they are not present in bacterial and mammalian ASPPs, and strengthen the view that the specificity for individual substrates lies outside the Nudix motif (Gabelli et al. 2001 ).
AtASPP-overexpression leads to a large reduction of both ADP-glucose and transitory starch levels in leaves
Arabidopsis plants were transformed with 35S-AtASPP-NOS via Agrobacteriummediated gene transfer. We then compared ADP-glucose hydrolytic activities in leaves of AtASPP-overexpressing plants with those of wild type (WT) plants. As illustrated in Leaves from control and AtASPP-overexpressing plants were then characterized for their ADP-glucose and starch contents after 7 h of illumination. As it is our experience that biochemical analyses are subject to considerable variation, we analysed 10 plants per line to obtain reliable data. As illustrated in Fig. 4A , leaves from 35S-AtASPP-NOS plants showed a ca. 50% reduction of ADP-glucose content. Most significantly, AtASPP-overexpression leads to ca. 60-70% reduction of the starch content (Fig. 4B) . The overall data thus indicate that AtASPP has access to an intracellular pool of ADP-glucose linked to starch biosynthesis. The fact that irrespective of the ADP-glucose hydrolytic activity ADP-glucose content is nearly the same in every line tested is consistent with a previoius report pointing to the occurrence of different subcellular localizations of ADP-glucose (Baroja-Fernández et al. 2004 ).
Measurement of key enzymes of sucrose and starch metabolism
Starch-deficient Arabidopsis mutants exhibit large changes in activities of enzymes involved in sucrose and starch metabolism (Caspar et al. 1985 , Lin et al. 1988 ), likely reflecting a regulated response to the absence of metabolic flux towards starch. To identify possible pleiotropic effects of AtASPP-overexpression we measured the maximum catalytic activities of enzymes closely connected to starch and sucrose metabolism in leaves from both WT and 35S-AtASPP-NOS plants. As shown in Table   2 , these analyses revealed no significant changes in ADP-glucose pyrophosphorylase, alkaline pyrophosphatase, UDP-glucose pyrophosphorylase, sucrose synthase, phosphoglucomutase, hexokinase, acid invertase and total amylolytic activity. By contrast, some but not all AtASPP-overexpressing lines displayed a significant reduction of total starch synthase.
Levels of soluble sugars and sugar phosphates
One of the distinguishing characteristics of some starch deficient Arabidopsis mutants is that, because they are unable to store net photosynthate in starch, they accumulate relatively large quantities of sucrose and hexose in leaves (Caspar et al. 1985 , Jones et al. 1986 , Lin et al. 1988 , Neuhaus and Stitt 1990 . To know whether AtASPPoverexpression leads to increasing levels of soluble sugars, we measured the intracellular content of sucrose, glucose and fructose. In addition, we measured the levels of sugar-phosphates. As shown in Table 3 , leaves from both WT and 35S-AtASPP-NOS plants accumulated nearly identical amounts of total soluble sugars.
Significantly however, AtASPP-overexpression leads to both a significant decrease of sucrose and increase of fructose, whereas glucose remained unaltered. Measurements of glucose-1-phosphate and glucose-6-phosphate revealed a trend-wise increase in the levels of glucose-1-phosphate and a decrease in the levels of glucose-6-phosphate.
Additional remarks on possible functions of plant ASPPs
This is the first report describing the cloning, expression in plants and characterization of genes coding for plant ADP-glucose cleaving enzymes. Results presented in this work showing that enhancement of plant ASPP activity leads to a concomitant reduction of ADP-glucose and starch levels (Fig. 4) provide evidence that plant ASPPs have access to an intracellular pool of ADP-glucose that is linked to starch biosynthesis. This is not exclusive of Arabidopsis since plant ASPP-overexpressing potato leaves accumulate low levels of both ADP-glucose and starch when compared to WT leaves ( Supplemental Fig. 4 ). This and the fact that maximum ASPP catalytic activities are similar to those of enzymes responsible for ADP-glucose synthesis and utilization ( Table 2 Whether plant ASPPs exert a strong control on the starch biosynthetic process will require studies on regulation of both gene expression and enzyme activity, metabolic flux analyses in both ASPP-overexpressing and -deficient mutants as well as subcellular localization studies of plant ASPPs. In this last respect, using the TargetP Leaver et al. (1983) , mitochondrial preparations were obtained from leaves of 35S-AtASPP-NOS plants. As shown in Table 4 , comparisons of enzyme activities in fractions obtained at the end of the preparation with those in the initial lysate as well as in the centrifugation step guaranteed no loss of activity during the preparation for any of the enzymes analysed. Judging by the activities of fumarase, a mitochondrial matrix space marker (Nishimura et al. 1982 , Pádua et al. 1996 , ca. 70 % of the mitochondria originally present in the homogenates of 35S-AtASPP-NOS were recovered in the final mitochondrial preparations. By contrast, the activities of ASPP and the contaminating cytosolic marker sucrose phosphate synthase in the mitochondrial preparations were found to be respectively ca. 15% and 8 % of those occurring in the initial homogenates. The data thus strongly indicate that in contrast to the predictions of Ogawa et al. (2005) , AtASPP is not a mitochondrial protein.
Plant ASPPs recognize both ADP-glucose and ADP-ribose (Table 1) . To know whether intracellular ADP-ribose levels can interfere with the ADP-glucose cleaving reaction catalysed by ASPP in the cell we analysed the ADP-ribose content in different plant organs. Despite the fact this nucleotide-sugar can be artifactually formed from both NAD and NADH during the process of nucleotide extraction (Jacobson et al. 1997 ) we failed to detect ADP-ribose (Supplemental Fig. 5 ), indicating that the intracellular levels of this nucleotide-sugar must be very low in the plant cell. Taking into account that ADP-glucose is one of the most abundant nucleotide-sugars in starch storing organs (Feingold and Avigad 1980, Baroja-Fernández et al. 2003) , it is highly conceivable that ADP-ribose does not significantly prevent the ADP-glucose cleaving reaction catalysed by plant ASPPs in the cell.
MATERIALS AND METHODS
Plants, bacterial strains and culture medium
The work was carried out using WT Arabidopsis 
Gene cloning and expression in E. coli cells
Complete cDNAs corresponding to three Nudix encoding Arabidopsis genes (At1g68760, At4g11980 and At5g20070) were obtained from the RIKEN Arabidopsis cDNA collection (Seki et al. 1998 (Seki et al. , 2002 and amplified by PCR using specific primers.
The amplified products were cloned in the pGEM-T Easy vector (Promega, Madison, pET-At5g20070 or pET-StASPP were grown at 37°C in 100 ml of LB medium supplemented with 50 µg/ml kanamycin to an attenuance at 600 nm of 0.6, and then 1 mM isopropil-D-thiogalactopyranoside was added to the culture medium. After 5 hours, 100 ml of cultured cells were centrifuged at 6,000 g for 10 min. The pelleted bacteria were resuspended in 6 ml of His-bind binding buffer (Novagen, Madison, WI, USA), sonicated and centrifuged at 10,000 g for 10 min. The supernatant thus obtained was subjected to His-bind chromatography (Novagen, Madison, WI, USA). The eluted hexahistidine-tagged recombinant proteins were then rapidely desalted by ultrafiltration on Centricon YM-10 (Amicon, Bedford, MA, USA).
Production of AtASPP-overexpressing transgenic plants of Arabidopsis
For the production of 35S-AtASPP-NOS plants, the NcoI-XhoI fragment of pETAt4g11980 was digested successively with XhoI, T4 DNA polymerase and NcoI. The fragment thus released was ligated into NcoI-SmaI restriction sites of p35S-NOS (Baroja-Fernández et al. 2004 ) to produce p35S-AtASPP-NOS (Supplemental Fig. 6 ).
This construct was digested with HindIII-EcoRI and the fragment thus released was cloned into the pBIN20 plant expression vector (Hennegan and Danna 1998) previously digested successively with the enzymes HindIII-EcoRI to produce pBIN35S-AtASPP-NOS. Transfer of this construct into Agrobacterium tumefaciens was carried out by electroporation. Subsequent transformation of Arabidopsis plants was conducted as described by Clough and Bent (1998) . Transgenic plants were selected on kanamycincontaining medium.
Enzyme Assays
All enzymatic reactions were carried out at 37 o C. Harvested leaves were immediately freeze-clamped and ground to a fine powder in liquid nitrogen with a pestle and mortar.
To assay enzyme activity, 1 g of the frozen powder was resuspended at 4 o C in 5 ml of 100 mM HEPES (pH 7.5), 2 mM EDTA and 5 mM dithiothreitol. The suspension was desalted and assayed for enzymatic activities. We checked that this procedure did not result in loss of enzymatic activity as evidenced by comparing activity in extracts prepared from the frozen powder and extracts prepared by homogenizing fresh tissue in extraction medium. Measurements of nucleotide hydrolytic activities were performed essentially as described elsewhere (Moreno-Bruna et al. 2001 , Baroja-Fernández et al. 2004 ). ADP-glucose pyrophosphorylase, acid invertase, phosphoglucomutase, hexokinase, UDP-glucose pyrophosphorylase, alkaline pyrophosphatase, total starch synthase, total amylolytic activity, and sucrose-phosphate-synthase activities were assayed as described by Baroja-Fernández et al. (2004) . Fumarase was measured essentially as described by Pádua et al. (1996) . We define 1 U of enzyme activity as the amount of enzyme that catalyzes the production of 1 µmol of product per min. Kinetic parameters were evaluated by Lineweaver-Burk plots.
Determination of soluble sugars
Fully expanded leaves were harvested and immediately ground to a fine powder in liquid nitrogen with a pestle and mortar. 0.5 g of the frozen powdered tissue was resuspended in 0.4 ml of 1.4 M HClO 4 , left at 4 o C for 2 h and centrifuged at 10,000 g for 5 min. The supernatant was neutralized with K 2 CO 3 and centrifuged at 10,000 g.
ADP-glucose content in the supernatant was determined as described by Muñoz et al. (2005) by using either one of the following methods:
Assay A: by HPLC on a system obtained from P.E. Waters and Associates fitted with a Partisil-10-SAX column.
Assay B: by HPLC with pulsed amperometric detection on a DX-500 system (Dionex) fitted to a CarboPac PA10 column.
To further confirm that measurements of ADP-glucose were correct, ADPglucose eluted from either the Partisil-10-SAX or CarboPac PA10 columns were enzymatically hydrolysed with purified E. coli ASPP and assayed for conversion into AMP and G1P.
Glucose, sucrose, fructose, glucose-1-phosphate and glucose-6-phosphate were determined by HPLC with pulsed amperometric detection on a DX-500 system as described by Baroja-Fernández et al. (2003) .
Isolation of mitochondria
Mitochondria were prepared essentially as described by Leaver et al. (1983) . The final pellet was resuspended in 50 mM Tris, pH 7.5 / 5 mM MgCl 2 / 1 mM EDTA/ 2 mM DTT / 1% (vol/vol) Triton X-100.
Analytical procedures
Bacterial growth was determined spectrophotometrically by attenuance at 600 nm. The resulting products were then measured as described by Moreno-Bruna et al. (2001) and Rodríguez-López et al. (2000) . Ap 3 A, adenosine(5´)triphospho (5´) Leaver et al. (1983) . Data are given as mean ± SEM of three independent experiments
